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The expression of flagellar and chemotaxis genes in Escherichia coli and Salmonella typhimurium is controlled by a complex regulatory hierarchy (20, 21, 24) . The first level of the hierarchy is theflhDC master operon, whose protein products are required for expression of all the other genes of the regulon. Transcription of theflhD operon itself is controlled by the cyclic AMP (cAMP)-cAMP receptor protein complex (1, 22, 41) . The second level of the hierarchy is controlled directly by the flhDC gene products and consists of seven operons containing a total of 27 genes. Class II genes code for proteins that are required for early stages of flagellum synthesis and assembly. The third level contains the late genes. These are the structural genes for the flagellar filament, the motility genes, and the chemotaxis genes. The expression of the level III genes is dependent on the expression and assembly of all of the early genes in level II (27) . The cascade of gene expression in this regulatory scheme parallels the assembly of the gene products in the same hierarchial manner, from a less complex to a more complex structure (18, 43, 44) .
Over 40 genes, clustered at four different regions on the chromosome, are devoted to the processes involved in the biogenesis or functioning of the bacterial flagellum. Electron microscopic examination has revealed that this complex structure is composed of three sections: a filament that extends beyond the cell envelope, a basal body that is embedded in the cell wall, and a hook that acts as a universal joint, connecting the filament to the basal body (2, 8) . Additional structures on the cytoplasmic face of the MS ring have been identified in electron micrographs (11) . On the basis of genetic analysis, the presence of two more substructures, the switch complex (50, 51) and a flagellum-specific export apparatus (49) , has been inferred. Three proteins, FliG, FliM, and FliN, have been shown to be part of the switch complex (50) , located in the cytoplasmic face of the inner membrane and interfacing with the basal body MS ring (12, 19) . These proteins are involved in the early stages of flagellum assembly, which is prior to MS ring formation in the case of FliG and shortly after in the cases of FliN and FliM (49) . Very little is known about the flagellumspecific transport machinery. Vogler et al. (49) , using temperature-sensitive flagellar mutants of S. typhimurium, have shown that the flhA, fliH, fliI, and fliN gene products may be involved in the process of flagellum-specific export. Of the flagellar proteins, the FlgB, FlgC, FlgF, FlgG, FlgE, FlgK, FlgL, FliD, and FliC proteins are believed to be transported to their final destination via the flagellum-specific transport system (14, 25, 28) . Thus far, only two flagellar proteins, FlgH and FlgI, have been found to have canonical signal sequences that are transported to their final destinations (the L and P rings, respectively) via the primary signal peptidase-dependent transport pathway (8, 13, 16, 17) . There are still about 10 genes in the level II regulatory class whose gene products and roles in the assembly pathway have not yet been identified (28) . We have determined the DNA nucleotide sequences for four of these genes, fliO, fliP, fliQ, and fliR, and have identified all but the fliR gene product. We show evidence that the FliP protein appears to be a transmembrane protein that contains a cleavable signal sequence at its N terminus. Sequence homology of the fliP gene product to proteins involved in the translocation of the virulence factors suggests a role for this protein in the flagellum-specific transport system. (Fig. 2) , it was concluded that the GTG at bp 66 was the most probable start codon for the ff1O gene. In addition, in pJM11, the DNA sequence downstream from the Psal, site was fused to the first four amino acid residues of the lacZ gene, which resulted in an out-of-phase fusion followed by a stop codon at position 67 (Fig. 1) (17) . This region also contains a potential stem-loop structure, which if formed would overlap with the first 13 nucleotides of ORF1. A long intergenic region containing a similar structure has also been reported for the flgG and flgH genes (20) . The role of this region and whether it has any regulatory significance are unclear. However, the presence of the secondary structure and a less efficient GTG initiation codon may indicate some role in the differential expression of the members of this operon. Differential expression is prevalent among operons with one or more genes encoding for integral membrane proteins (34, 38) .
ORF2, the fliP gene. Complementation tests (Fig. 2) demonstrated that plasmid pJM15, which carries both ORFI and ORF2, was capable of complementing the fliO and fliP mutants. Since pJMll and pJM12, containing ORF1, complemented only the fliO defect, ORF2 must correspond to thefliP gene. Analysis of the DNA sequence (Fig. 1) showed that the initiation codon of the fliP gene overlapped with the termination codon of the upstream fliO gene, suggesting that the two genes may be coupled translationally (3). This potential coupling represents the second instance within the fliL operon, since the fliN start codon also overlaps with the stop codon of the fliM gene (29) . The fliP gene is 738 nucleotides in length and is preceded by a DNA region, GGAG, which has homology to the consensus ribosome binding site (Fig. 1) . The amino acid sequence deduced from the nucleotide sequence is 245 amino acid residues, with a calculated molecular mass of 26.9 kDa. The N-terminal amino acid sequence of the fliP gene product has the characteristics of a signal peptide (33) . The putative signal sequence contains a long, predominantly hydrophobic region preceded by a short, positively charged Nterminal sequence. It is followed by a potential recognition site for signal peptidase cleavage. A helix-breaking proline is present four residues before the A-F-A cleavage site ( Fig. 1 (9) . Gaps were introduced to improve the alignments. Residues that are conserved between the E. coli (Eco) FliP protein and at least two of the other proteins are shaded. Only identical residues are included in the shaded area. The S. typhimurium (Sty) fliP gene has been sequenced up to a HindIll restriction site, which is only 10 bp short of the end of thefliP gene. Bs, B. subtilis; Rhm, R. meliloti; Shf, S. flexneri; Xc, X campestris. calculated molecular mass of 24.1 kDa. The FliP protein contains a very high proportion (82.5%) of nonpolar amino acids. Leucine is the most abundant residue, comprising 17% of the total amino acids. The hydropathy profile of the FliP protein indicates that in addition.to the N-terminal signal peptide, this polypeptide contains three hydrophobic segments that have the characteristics of membrane-spanning regions (Fig. 3) (26) . Furthermore, the hydrophobic C-terminal segment is long enough to span the membrane at least two times. Proline residues are prevalent in the hydrophobic segments of the fliP gene product. Although proline residues are known to break a helices, they have been found in the membranelocated a helices of many proteins that function as transporters (6) . The majority of the total charged amino acids (20 of 27) are distributed in a central hydrophilic region among amino acids 105 to 180. ORF3, thefliQ gene. Immediately downstream from thefliP gene, a 270-bp ORF (ORF3) was detected (Fig. 1) . Complementation analysis (Fig. 2) revealed that pJM13, which contains only the ORF3 DNA region, was capable of restoring motility to a fliQ mutant. A strong ribosome binding site, GAGG, was located 4 bp upstream from the start codon (Fig.  1) . The predicted amino acid sequence consists of 89 residues, with a calculated molecular mass of 9.6 kDa. Two regions of high hydrophobicity, at residues 16 to 40 and 55 to 75, suggested that the FliQ protein contains two transmembrane segments (Fig. 3) (26) .
ORF4, thefliR gene. Seven base pairs downstream from the end of the fliQ gene, ORF4 begins at bp 1395 and ends with a TAA codon 786 bp away. Complementation tests (Fig. 2) showed that pJM14, which carries both ORF3 and ORF4, was capable of complementing the fliQ and fliR defects. Since the fliQ mutant was complemented by a clone containing ORF3, ORF4 was designated the fliR gene. The fliR gene is preceded by a weak ribosome binding site 7 bp upstream from the ATG start codon (Fig. 1) . The deduced amino acid sequence is extremely hydrophobic, with an unusually high leucine content of 22%. The hydropathy profile of this gene suggests that it contains at least five membrane-spanning regions (Fig. 3) . The average hydrophobicity value for these segments was greater than 1.6, suggesting that they are all membrane-spanning regions (26 (Fig. 1) , would eliminate the early termination of the R. meliloti polypeptide and extend the region of homology to the end of the fliP gene (Fig. 4) . Therefore, we suggest that the corresponding gene is the fliP counterpart in R. meliloti. This search also revealed very strong homologies between FliP and two other proteins that belong to virulence systems in plant and mammalian pathogens (15, 47) . In the first case, 39% identity over a 228-amino-acid overlap was observed between FliP and the ORF2 gene product, which is involved in pathogenicity of Xanthomonas campestris pv. glycines 8ra (15) (Fig. 4) . It is suggested that the pathogenicity genes in X campestris pv. campestris may be involved in the secretion of proteins from these microorganisms by controlling translocation across the outer membrane (10). Hwang et al. (15) fragment containing the fliOPQR genes was cloned in pBluescript SK+ in the orientation whereby the genes would be transcribed via the strong T7 phage promoter. The expression of this plasmid (pJM91) resulted in the synthesis of four insert-specific proteins of 25, 23, 13, and 10 kDa (Fig. 5) . To determine which gene corresponded to each of these polypeptides, a number of pBluescript derivative plasmids carrying different portions of the 2.2-kb PstI fragment were constructed. When plasmid pJM131, containing only the fliQ gene, was expressed, only one protein band of 10 kDa was observed (Fig.  5) . Also, this polypeptide was no longer expressed by a fliQ-deleted pJM91 derivative, pJM171. Therefore, the fliQ gene encodes the 10-kDa protein. A weakly expressed 13-kDa protein of the predicted molecular weight of the FliO protein was present in pJM111 (Fig. SB, lane 2) and in pJM121 (data not shown). Plasmid pJM121 contained the 3' end of the neighboring fliN gene and the entire fliO gene, and it also had both possible translation initiation codons for the fliO gene (see above). In contrast, in pJM111, the region upstream from the PstIl site containing the fliN-fliO intercistronic region and the ATG codon at bp 6 was missing (Table 1) . Since the two plasmids encoded polypeptides of the same size, we feel confident that the GTG at position 66 bp is the functional start codon and the 13 kDa protein is the gene product of the fliO gene (Fig. 5) .
Plasmid pJM171 is a 3'-deletion product of pJM91 in which the DNA region beyond bp 971 (Fig. 1) is deleted, and the remaining DNA fragment is ligated with the vector DNA. As a result of this ligation, six in-frame amino acid codons are added to the end of the truncated FliP before a stop codon is encountered. The expression of pJM171 resulted in synthesis of the 13 kDa FliO protein and two proteins of 20 and 18 kDa in place of the 25-and 23-kDa proteins synthesized by pJM91. If the 25-and 23-kDa protein bands in pJM91 expression (Fig.  5) were two different forms of the FliP polypeptide (i.e., precursor and mature forms as suggested by DNA sequence analysis), deletion of the 3' end of the fliP gene would be A. expected to result in the replacement of both protein bands by smaller proteins. Thus, these results indicated that both the 25-and 23-kDa protein bands were encoded by the fliP gene.
Although multiple methionine residues were present in the predicted amino acid sequence of FliR, attempts to visualize the fliR gene product in minicells or the T7 expression system by using Tran-35S methionine for protein labeling were unsuccessful.
Processing of the FliP protein. It has been shown that processing of outer membrane proteins or periplasmic proteins requires a membrane potential for proper processing of the signal peptides (7, 35) . To determine whether the two closely migrating bands at 25 and 23 kDa were products of the signal peptide processing of the fliP gene product, we treated the labeled cells with carboxycyanide m-chlorophenylhydrazone (CCCP), which inhibits signal sequence processing (7) . As shown in Fig. 6 , in the presence of CCCP, processing of the precursor protein was prevented. However, instead of the expected accumulation of more slowly migrating unprocessed protein, increased levels of a faster-migrating protein were seen. Similarly, a pulse-chase experiment done in the absence of CCCP resulted in accumulation of increased levels of the more slowly migrating protein over the time course, which was concomitant with loss of the fast-migrating protein (Fig. 6 ). These data suggested that the fast-migrating protein is the precursor form and the slowly migrating polypeptide is the mature form of the FliP protein.
In addition to performing the CCCP treatment, we treated cells carrying the pGP1-2 and pJM91 with sodium azide prior to pulse-labeling. Sodium azide is an inhibitor of SecAdependent protein translocation and causes the accumulation of the precursor form of the transported proteins (34) . This experiment revealed that FliP precursor processing was inhibited in the presence of sodium azide and that the precursor form of the FliP protein is, in fact, the fast-migrating band under the conditions used for gel electrophoresis (data not shown). The reason for this abnormal migration of the processed and unprocessed forms of the FliP protein remains to be determined.
The existence of an N-terminal signal sequence at the beginning of the FliP protein is the third incidence of a signal sequence in the flagellar system. The only flagellar proteins known previously to have canonical signal sequences were FlgH and FlgI, the structural protein components of the L and P rings, respectively (13, 16) . Jones and Macnab (18) have shown that fliP and fliQ are expressed prior to the expression of any of the basal body or hook proteins. They have also shown that in partial basal body structures containing only the MS ring, two additional FlhD/C-dependent proteins of 23 and 26 kDa are present. It is tempting to suggest that the FliP protein may be a structural component of the basal body, because fliP expression is also regulated by the flhD and flhC gene products, and fliP encodes proteins with molecular weights similar to those seen on partial basal body preparations. However, strong homologies between the FliP protein and proteins involved in translocation of the virulence factors of different systems may be an indication of its direct or indirect involvement in the flagellum-specific transport apparatus.
